Abstract: We demonstrate a compact, all-optical XOR gate at 1550nm by integrating three symmetric self-electooptic effect devices (S-SEEDs) with micro-optics. Each S-SEED operates as a NAND or NOR gate and can switch faster than 10ps.
Introduction
The self-electrooptic effect device (SEED) utilizes large electrooptic nonlinearities near the band edge of semiconductor multiple quantum well (MOW) structures for optical switching applications [1] . The bistability that arises in the symmetric SEED (S-SEED) configuration allows the device to function as an optical set-reset latch, or alternatively, as an optical NAND or NOR gate [2] . With their low switching energy and compact nature, SEEDs are excellent candidates for the implementation of all-optical logic, and have been used to build computational systems with high degrees of complexity [3] . Drawbacks of previous work include the large system dimensions (i.e., table-top sized demonstrators), non-telecom compatible wavelengths (i.e., operation is at 850 nm), and modest operating speeds. This paper discusses recent experimental efforts at Sandia National Laboratories that attempt to address these shortcomings. In particular, we describe an all-optical XOR demonstration that highlights:
1. The development of InAIGaAs-based materials for SEED operation in the telecommunications window, 2. Improved switching times using epitaxial designs based on extremely shallow quantum wells, and, 3. Compact, chip-scale integration by employing micro-optics for optical interconnections between multiple S-SEED gates.
1550-nm High-Speed S-SEEDs
With very short optical interaction lengths, surface-normal S-SEEDs rely on large changes in optical absorption to achieve adequate optical modulation. Previous SEED work has leveraged the strong excitonic absorption properties of the AIGaAs material system, but this limits operation to wavelengths near 850 nm. After investigating a variety of materials and approaches, we have developed long-wavelength S-SEEDs with 40% modulation that employ the InAIGaAs quaternary system grown on InP. The devices employ quantum wells with biaxial tensile strain that serves to superpose the light-and heavy-hole excitons, thereby increasing optical absorption at the 1550-nm excitonic wavelength. Extremely shallow quantum wells are employed to reduce carrier sweep-out times and lower operating voltages (and thus switching energies).
Each S-SEED device, as shown in Figure 1 , is comprised of a pair of series-connected p-i(MQW)-n diodes with 25-~m active diameters. InAIGaAs/1 nAIAs distributed Bragg reflectors (DBRs) with over 80%) reflectivity are integrated below the diode for double-pass top-illuminated operation. High-speed optical pump-probe testing of individual S-SEEDs shows that switching between logic states occurs with transition times below 10 ps [4], suggesting suitability for logic operations beyond 40 GHz. Extensive modelling of carrier transport supports scaling to higher frequencies by thinning the intrinsic region to reduce transit-time-limited carrier sweep-out. 
S-SEED Integration with Micro-Optics
Optical signal routing in S-SEED logic circuits can be complicated. Each gate needs an optical preset pulse, optical logic inputs, and optical clock signals that are cascaded as inputs to other gates. Furthermore, low extinction ratios require differential signalling. The XOR function can be achieved by connecting three NAND and NOR gates together, as shown in Figure 2 . Optical presets, clocks, and logic inputs are delivered using a 6x12 array of single-mode fibers. The external beams and internal logic signals are routed by an array of diffractive micro-optics (shown in Figure 3) . More system-level detail will be given during the presentation. 
S-SEED XOR Demonstration
Seven independent optical signal patterns were generated with external modulators and distributed to the appropriate input fibers of the XOR gate. S-SEEDs were operated with a 2-volt bias and optical clock powers of less than -10 dBm. Figure 4 shows the operation of the XOR gate, measured by electrically probing the center node of each S-SEED device. Because of the large capacitive loading by the electrical probes, switching speeds were slowed by several orders of magnitude in this demonstration.
Discussion
We demonstrate a technology platform for scalable all-optical logic that uses 1550-nm S-SEEDs. Optical interconnection is accomplished by the use of diffractive micro-optics, and should allow gate densities of >1,000 gates/cm 2 . The integrated XOR demonstrates scalability to higher levels of complexity, while the use of strained InAIGaAs devices with sub-10-ps switching times supports scaling to much-higher speeds. With planned improvements, we anticipate 40 GHz XOR operation will be possible with optical clock powers on the order of 20 mW per diode.
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